Abstract. We study a singlet scalar extension of the Standard Model. The singlet scalar is coupled non-minimally to gravity and assumed to drive inflation, and also couple sufficiently strongly with the SM Higgs field in order to provide for a strong first order electroweak phase transition. Requiring the model to describe inflation successfully, be compatible with the LHC data, and yield a strong first order electroweak phase transition, we identify the regions of the parameter space where the model is viable. We also include a singlet fermion with scalar coupling to the singlet scalar to probe the sensitivity of the constraints on additional degrees of freedom and their couplings in the singlet sector. We also comment on the general feasibility of these fields to act as dark matter.
Introduction
Dynamics of cosmological inflation, mechanisms for creation of the observed dark matter abundance and the excess of matter over antimatter require non-minimal coupling to gravity and/or new degrees of freedom beyond the minimal Standard Model (SM) of elementary particle interactions. Many beyond the SM (BSM) theories address one or more of these issues, and a variety of different scenarios for each exist in literature, e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] .
The common feature of most BSM constructions is the existence of a new scale between the Planck and the electroweak scales. The closer the new scale is to the electroweak scale, the better are the prospects for its testability at energies currently accessible at collider experiments. For example, of the several possibilities for baryogenesis, direct testability provides motivation for the idea of electroweak baryogenesis (EWBG), i.e. that the baryon asymmetry is generated during the electroweak phase transition.
One of the necessary conditions for any successful baryogenesis scenario is out-ofequilibrium dynamics, which for the EWBG in particular is provided by a strongly first order electroweak phase transition. However, this requirement fails to be realized in the SM, where the phase transition is known to be a continuous cross-over [10] . Hence, one must look into BSM scenarios to make progress.
Even if the observed baryon asymmetry of our universe is produced by different mechanism than EWBG, the order of the electroweak phase transition is interesting also for the possibility to observe gravitational waves originating from a first order phase transition [11] in the early universe. The ground-based interferometer experiment LIGO has recently reported observations of gravitational waves from binary mergers and demonstrated the general feasibility of such observations [12, 13] , and in the future space-based detectors like eLISA will have maximum sensitivity at the frequency range relevant for a first order phase transition at the electroweak scale [14] .
In this paper we consider a singlet scalar field with a discrete Z 2 symmetry, and also the general case without this symmetry, and show that already in this minimal BSM scenario one can simultaneously address two important issues in the early universe physics: The singlet scalar, non-minimally coupled to gravity, is assumed to drive inflation, and also couple sufficiently strongly with the SM Higgs field in order to provide for a strong first order electroweak phase transition at a later stage in the history of the universe.
Earlier studies on both inflation and strong EWPT have been conducted separately in this model in e.g. [4] and [6, 7] . Our new result is that we identify the regions of the parameter space where the model describes inflation successfully, is compatible with the LHC data, and yields a strong first order electroweak phase transition. We also include a singlet fermion coupled to the singlet scalar in order to probe the sensitivity of the constraints on additional degrees of freedom and their couplings in the singlet sector. These will eventually be necessary when extending the model to account for sufficient CP violation relevant for applications towards electroweak baryogenesis.
The paper is organized as follows: In section 2 we define the model which we will study, and in sections 3 and 4 we discuss, respectively, the details of cosmic inflation and properties of the electroweak phase transition in this model. In section 5 we conclude and discuss prospects for future work.
The Model
The model we study is defined by the action
where L SM is the Lagrangian density of the minimal SM, and the term L gravity , whose exact form is specified in section 3, contains both the usual Einstein-Hilbert term and possible non-minimal couplings between the scalar fields and gravity. The potential
is the most general renormalizable scalar potential in a Higgs portal model where the scalar sector contains only a gauge singlet scalar s and the SM Higgs doublet φ. The mass eigenstates at T = 0 are linear combinations of the Higgs field h and s,
Finally, we also add a fermion field to the singlet sector Lagrangian via
where ψ is a Dirac fermion with a scalar coupling to s. In this type of hidden sector models where the singlet scalar is assumed to drive inflation in the early universe, depending on the parameter values and possible discrete symmetries, either s or ψ can act as a DM candidate as has been investigated in detail e.g. in [4, 15, 16] . In the present study we concentrate on the electroweak phase transition only, and take L ψ to simulate the effects of additional degrees of freedom and their interactions on the running of couplings affecting the inflationary dynamics. However, we will comment on the general feasibility of these fields to act as dark matter as well.
Cosmic Inflation
We begin by considering the cosmic inflation. Here we consider only the part of the action which is relevant for gravitational dynamics, and concentrate first on the general setup allowing both the Higgs field h and the singlet s to be non-minimally coupled to gravity. The analysis can be easily generalized to cover also other inflationary models with or without a non-minimal coupling to gravity.
Inflationary dynamics
The action in the Jordan frame is
where M P is the reduced Planck mass, R is the Ricci scalar, ξ h is a dimensionless coupling constant, and the function f (s) defines the non-minimal coupling of the s-field. We work in the unitary gauge so that
The non-minimal couplings appearing in the Jordan frame action (3.1) can be removed by a conformal transformation to the Einstein frame. Explicitly, the transformation is
Then, by a field redefinition
we obtain
where
Note that in writing Eq. (3.4) we have dropped the tilde as everything is written in terms of the transformed coordinates. This general setup allows many realizations of inflationary dynamics. In the following we will consider the s-inflation scenario [4] , i.e. inflation occurring in the s-direction. We will therefore take f (s) = ξ s s 2 /2 and set the Higgs field vacuum expectation value to h = 0. Restricting to this simple non-minimal coupling is motivated also by the analysis of quantum corrections in a curved background which have been shown to generate a term of this form even if ξ s is initially set to zero [17] . For discussion concerning the effect of other gravitational couplings, such as αR 2 , see e.g. [18, 19] .
Consistency of the s-inflation scenario requires that the minimum of the potential at large s and h is very close to the h = 0 direction. This is true if λ s /ξ 2 s λ h /ξ 2 h . Consequently, A(χ s , χ h ) = 0 and the kinetic terms of the scalar fields are canonical. Furthermore, we assume hierarchy between the non-minimal couplings of the scalar fields to gravity, ξ h ξ s . When considering inflation, in the Jordan frame we can focus on the direction along the inflaton field and need to take into account only the highest order term in the potential. Hence, the relevant part of the potential is V (s, φ) = λ s s 4 /4. In the Einstein frame the potential becomes at large field values
s , this is a sufficiently flat potential to drive inflation. 1 The inflationary dynamics is characterized by the usual slow-roll parameters and total number of e-folds during inflation. The slow-roll parameters are defined in terms of the Einstein frame potential by
and the number of e-folds by
where the field value at the end of inflation, s f , is defined via (s f ) = 1, and for a given value of N Eq. (3.8) determines the field value s i at the time the corresponding scales left the horizon. To obtain the correct amplitude for the curvature power spectrum the COBE normalization requires [20] U
which at tree-level can be expressed in terms of the required e-folds and s-field couplings as
This equation, at tree-level, determines the required value of the non-minimal coupling ξ s in terms of λ s and N . For instance, λ s 0.1 requires ξ s = O(10 4 ) for N = 60. Despite the claims on possible unitarity violation during inflation [21] [22] [23] [24] [25] [26] , this large non-minimal coupling to gravity is not necessarily problematic for the SM Higgs inflation [27] ; see also [28] [29] [30] [31] for more recent discussion. On the other hand, for s-inflation this problem does not arise at all because the scale of perturbative unitarity breaking is always higher than the scale of inflation [15, 27] . 1 If inflation occurs along the h-direction, i.e. if λs/ξ 2 s λ h /ξ 2 h , an analogous expression is obtained. This is the case corresponding to the Higgs inflation [1] .
For the spectral index, n s − 1 −6 + 2η, and tensor-to-scalar ratio, r 16 , we obtain the following tree-level estimates
For N = 60 and ξ s 1, the numerical values are n tree s = 0.965, r tree = 3 × 10 −3 , in accord with the Planck results n s = 0.9677 ± 0.0060 (68% confidence level) and r < 0.11 (95% confidence level) [32] .
However, the above expressions hold only at tree-level. To take into account the effect of quantum corrections to the effective potential, we compute the renormalization group evolution of different couplings in the Jordan frame and determine the inflationary observables numerically from the Einstein frame potential
where Ω is given by (3.2) and s(χ s ), h(χ h ) by (3.3). The beta functions are given in Appendix A. The strength of the non-minimal coupling ξ s (s i ) is fixed by (3.9) and we use N = 60. Uncertainty in N corresponds to an uncertainty ∆n s 2∆N/N 2 in the spectral index. We will show, in sec. 3.2, that for s-inflation 58 < N < 61, so ∆n s < ∼ 0.0011. As this uncertainty is typically smaller than the effect of loop corrections, using a constant N provides a reasonable estimate for the deviation from the tree-level predictions.
In Figure 1 , the colored regions show the values of the couplings λ s (m t ) and λ hs (m t ), which give n s = 0.9677 ± 0.0060. The three different regions correspond to values g = 0.1, 0.04, and g = 0.01. When scanning the parameter space, we have required all scalar couplings to remain free of Landau poles under the one-loop evolution up to the inflationary scales,
s . This constraint sets the rightmost boundary of the shaded areas in Figure  1 . 2 In the white region above and to the left from the colored contours, n s is larger than 0.9677 + 0.0060. In the white region towards the lower left corner of the plot, n s becomes smaller than 0.9677 − 0.0060. The tensor-to-scalar ratio satisfies r < 0.11 in every point.
Reheating in s-inflation
We need to ensure that reheating in this model occurs at sufficiently high temperature, T RH T EW , and that the obtained number of inflationary e-folds is consistent with the above analysis. Reheating in s-inflation has been discussed extensively in [33] (see also [34] ).
In s-inflation reheating occurs by production of s and h particles, which soon annihilate or decay to other SM particles. For sufficiently large λ s , the possible decay channels for an oscillating s condensate are decay by stochastic resonance to Higgs bosons and production of inflaton excitations, i.e. s particles, in the quadratic part of the s potential. The first channel requires λ s > 0.25λ hs and the latter λ s > 0.019 [33] . However, because we want to study field dynamics also in the region of the parameter space where the scalar self-interaction is very small, λ s (m t ) 10 −7 , we have to extend the results obtained in [33] .
Reheating can occur not only in the quadratic but also in the quartic part of the s potential. Transition into quartic potential occurs at s M P /ξ s [34] , and in the following we assume 10 −9 < λ s < 10 −2 at the time of reheating. In the quartic potential the homogeneous s field evolves as s(t) = σ 0 (t)cn(0.85λ
2), where cn is the Jacobi cosine and σ 0 a time-dependent oscillation amplitude. For the singlet condensate s 0 decay rate into s field quanta we use [35, 36] Γ (4)
Decay to Higgs bosons is assumed to be inefficient due to large, rapidly forming thermal masses. During reheating the s field governs the evolution of the universe, and in the quartic potential the Hubble parameter is given by 3H 2 M 2 P = λ s /4σ 4 0 . The condensate decay by s 0 → ss becomes efficient when
giving σ 0 1.9 × 10 8 GeV for λ s (σ 0 ) 10 −9 . For sufficiently large portal coupling values the corresponding energy density, ρ s 0 = λ s /4σ 4 0 , is rapidly converted to SM particles by s annihilations and decays. Equating this with the energy density π 2 /30g * T 4 of the heat bath consisting of the SM and s fields, we obtain for the reheating temperature
where we used g * = 107.75 and λ s 10 −9 . The result (3.14) shows that T RH T EW for all parameter values used, which means that the fields have in all cases relaxed to their minima at the time the electroweak phase transition occurs.
The number of inflationary e-folds is then given by
where ρ RH = π 2 /30g * T 4 RH , ρ end H 2 k M 2 P , g 0 (T 0 ) 2, and T 0 = 2.725K is the present-day photon temperature. For the Hubble parameter at the WMAP pivot scale, λ 2π/0.002 Mpc, we use H k = 8 × 10 13 r/0.1GeV 1.4 × 10 13 GeV. For the energy density at the time the scalar undergoes a transition to the quartic potential and the universe enters into a radiation dominated era, we use ρ RD = λ s M 4 P /(9ξ 4 s ) [34] , where λ s /ξ 2 s is set by (3.10). The result (3.15) gives 59 < N < 60 for 10 −9 < λ s < 10 −2 . Note that the smaller the value of λ s is, the larger is the required number of e-folds. This is because small λ s requires small ξ s in order to produce the measured curvature perturbation, (3.10), and the smaller the value of ξ s is, the earlier the transition into a radiation dominated universe occurs. As a result, the number of e-folds does not depend on T RH .
As shown in [33] , a similar result for the number of e-folds holds also for λ s > 10 −2 . Adding an additional theoretical uncertainty N = ±1 to both results gives 58 < N < 61, corresponding to ∆n s 2∆N/N 2 0.0011 for the maximum theoretical error in the spectral index when using N = 60. For sufficiently large couplings, λ hs , λ s = O(0.1), the error is smaller, ∆n s 0.001.
Electroweak phase transition
After the cosmic inflation and reheating of the universe the standard hot big bang scenario, where evolution of the universe is governed by a heath bath consisting of different particle species, is recovered. We now demonstrate how to obtain a strong first order electroweak phase transition at T = T EW < ∼ 150 GeV with the singlet scalar s. In the model under consideration, a strong electroweak phase transition can be realized already at tree-level if the transition happens from a minimum in s-direction to the electroweak broken minimum at (h, s) = (v, 0). Similarly as in [37] , we define the s field such that its vacuum expectation value at the electroweak broken minimum is s = 0. This sets µ 2 h = −v 2 λ h and µ 3 1 = −v 2 µ hs /2. To study the phase transition, we include the leading finite-temperature corrections to the scalar potential as 
Here g L and g Y are the weak and hypercharge gauge couplings and y t is the top Yukawa coupling. Next, we will first study a Z 2 symmetric potential for which analytical results can be derived, and then consider general potential (2.2).
Z 2 -symmetric potential
Requiring Z 2 symmetry for the scalar potential sets µ 1 = µ 3 = µ hs = 0 in Eq. (2.2). For the Z 2 symmetric potential the conditions for a strong first order electroweak phase transition can be derived analytically. First, a nontrivial minimum must exist along the sdirection, requiring µ 2 s < 0. Second, the electroweak breaking minimum along the h-direction at h = v = 246GeV must be the deepest minimum at T = 0. This is realized if
Third, in order to get the required phase transition pattern, the minimum in the s-direction must appear at higher temperature than the one along the h-direction. The condition for this is
The mass of s is m 2 s = µ 2 s + λ hs v 2 /2, so the condition (4.4) can be written as a lower limit on the portal coupling. On the other hand, (4.3) provides an upper limit for the portal coupling, so that 2m 2
Here we have used the relation µ 2 h = −λ h v 2 . The critical temperature T c at which the two extrema are degenerate is given by
To realize a first order electroweak phase transition we must also require that the extremum in the s-direction is a minimum. At T c , the condition is
and below T c a somewhat more constraining
Finally, for a successful electroweak baryogenesis the transition has to be strong, characterized by the requirement v(T c )/T c > 1. Here
is the vacuum expectation value of h at temperature T . If s is stable, its mass and coupling to the Higgs are heavily constrained by the dark matter overclosure constraint and constraints from direct dark matter searches. As shown in [38] , only the region near the Higgs resonance, m s ∼ m h /2, and the region m s > ∼ m h are allowed. When the masses are increased in the high mass region, m s > ∼ m h , the portal coupling of λ hs = O(1) is required to obtain a strong first order electroweak phase transition. As shown in Figure 2 , this large value of λ hs is in tension with successful s-inflation. Therefore, for our purposes only the region m s m h is interesting. As further shown in Figure 2 , both strong electroweak phase transition and s-inflation can be successfully realized in this region. 
General potential
Next, we consider the full scalar potential (2.2), and include also a singlet fermion in the hidden sector. We perform a Monte Carlo scan over the following parameter space: 0.5 < m S /GeV < 126 , m ψ = 4m S ,
10
−6 < |µ hs /GeV| < 10 2 , 10 −6 < |µ 3 /GeV| < 10 2 , 10 −7 < λ s < 0 , 10 −4 < λ hs < 0 , 0.02 < g < 5 .
(4.10)
We first check the Higgs boson couplings against the LHC data [39-41] to constrain the Higgs boson mixing angle cos β and its invisible decay width. Then, for each parameter set we check, by analyzing the potential numerically, if they give a strong first order electroweak phase transition, v(T c )/T c > 1. For the points which do, we compute the ψ relic density
by a standard freeze-out calculation similarly to [7] . The dominant annihilation channel is ψψ → SS, and we take into account only scalar final states. Further, following [7] , we also check the LUX upper limit on spin independent dark matter scattering off nuclei [42] . Finally, we calculate the inflationary observables as described in Section 3.
In Figure 3 we show the points compatible with the LHC data and giving a strong first order electroweak phase transition. The gap in the region −1.8 < log 10 λ hs < −1 is due to the LHC constraint on Higgs invisible decay width, as shown in the upper right panel. The yellow points are compatible with the constraints due to inflation and the green points both give a sufficiently small dark matter relic density, f rel < 1, and are compatible with the LUX constraint. The blue points below the f rel = 1 line in the upper left panel are excluded by LUX. The plots illustrate a severe tension between obtaining a small enough dark matter relic density and compatibility with the inflationary constraints: the former requires large enough Yukawa coupling g in the singlet sector, while for the latter this same coupling needs to be sufficiently small. As shown in Figure 1 , the larger the value of g is the larger also λ s has to be for successful inflation. For a strong first order electroweak phase transition also λ hs has to be large, as shown in the lower right panel of Figure 3 , and the larger the value of λ hs is the heavier S has to be, as shown in the upper right panel. For this set of points we have fixed the mass hierarchy 3 to m ψ = 4m S , which means that increasing λ hs increases also m ψ . Finally, to get a sufficiently small ψ relic abundance, we also have to increase g if we increase λ hs . As shown in the lower left panel, it is therefore difficult to reconcile successful inflation and modifications to the electroweak phase transition without, at the same time, overclosing the universe with the singlet fermion which in this simple model setup is a stable particle.
However, this difficulty is easily avoided. The singlet fermion is essentially a sterile neutrino and we can allow it to mix with an active neutrino ν with the mixing sin θ [37] . The invisible decay width of the Z boson [43] Γ(Z → inv) Γ(Z → νν) = 2.990 ± 0.007, (4.12) implies that sin 2 θ < 0.007 if the contribution from the sterile neutrino decay channel is below 1σ. The mixing with the active neutrinos opens a decay channel for the singlet fermion with the corresponding width
To alleviate the overclosure constraint we require that the singlet fermion decays before the big bang nucleosynthesis, i.e. that its lifetime is below 0.1 sec. This leads to a bound
(4.14)
In the Monte Carlo scan we considered masses m ψ from 2 GeV to 504 GeV leading, respectively, to lower bounds sin 2 θ > 3.1 × 10 −12 and sin 2 θ > 3.1 × 10 −24 . Therefore, mixing with the active neutrinos provides an effective decay channel for the singlet fermion. Allowing the singlet fermion to decay to active neutrinos makes all the yellow points viable in Figure  3 , showing that both inflation and a strong first order electroweak phase transition can be successfully realized within this model.
Conclusions
In this work we have studied, for the first time, a scenario where the same field that drives inflation can be responsible for a strong electroweak phase transition at a later stage in the history of the universe. We studied this generic setup in a Higgs portal model where the Standard Model is extended with a singlet scalar coupled non-minimally to gravity and assumed to couple sufficiently strongly with the SM Higgs field in order to provide for a strong first order electroweak phase transition.
We identified the regions of the parameter space where the model describes inflation successfully, is compatible with the LHC data, and yields a strong first order electroweak phase transition. We also included a singlet fermion with scalar coupling to the singlet scalar to probe the sensitivity of the constraints on additional degrees of freedom, as they will eventually be necessary if one wants to extend the model to account for sufficient CP violation relevant for electroweak baryogenesis. Finally, we also commented on dark matter production within this model setup and showed how potential overclosure problems can be easily avoided by allowing the singlet fermion to mix with the SM neutrinos.
The order of the electroweak phase transition is interesting not only from the baryogenesis point of view but also for the possibility to observe gravitational waves originating from a first order phase transition. For example, the space-based eLISA detector will have maximum sensitivity at the frequency range relevant for a first order phase transition at the electroweak scale.
Furthermore, while investigation of inflationary models with a non-minimal coupling to gravity is motivated by the effects of quantum corrections in a curved background, our analysis can be easily generalized to cover also other inflationary models with or without a non-minimal coupling to gravity. At the advent of advanced gravitational wave detector era it would indeed be interesting to further study what information could be extracted from inflationary dynamics or other high energy physics by studying in detail phase transitions in the early universe.
A Beta functions
There exists some discrepancy in the literature concerning the beta functions of the nonminimal couplings ξ h , ξ s , see e.g [33, 44, 45] . Our results are not very sensitive to the running of these couplings, and in the numerical calculation we have applied the beta functions given in references [33, 44] .
The beta functions relevant for s-inflation at one loop are given by 16π 2 β λ h = − 6y
2 ) + (12y The value of the non-minimal coupling ξ s at the inflationary scale s M P /ξ 1/2 s is fixed by (3.9) and it affects running of the SM couplings only through c s . This can be important only at s M P /ξ 1/2 s , rendering the effect of ξ s on running of the SM couplings negligible at other scales. We have checked that the results are not particularly sensitive to c s . The non-minimal coupling between the Higgs and R can be chosen freely as long as ξ h ξ s .
